This review article focuses on the impacts of recent advances in solution phase precious metal nanoparticles on heterogeneous catalysis. Conventional nanometal catalysts suffer from size polydispersity. The advent of nanotechnology has signifi cantly advanced the techniques for preparing uniform nanoparticles, especially in solution phase synthesis of precious metal nanoparticles with excellent control over size, shape, composition and morphology, which have opened up new opportunities for catalysis. This review summarizes some recent catalytic research by using well-defi ned nanoparticles, including shape-controlled nanoparticles, high index-faceted polyhedral nanocrystals, nanostructures of different morphology (e.g., coreshell, hollow, etc.), bi-and multi-metallic nanoparticles, as well as atomically precise nanoclusters. Such well-defi ned nanocatalysts provide many exciting opportunities, such as identifying the types of active surface atoms (e.g., corner and edge atoms) in catalysis, the effect of surface facets on catalytic performance, and obtaining insight into the effects of size-induced electron energy quantization in ultra-small metal nanoparticles on catalysis. With well-defi ned metal nanocatalysts, many fundamentally important issues are expected to be understood much deeper in future research, such as the nature of the catalytic active sites, the metalsupport interactions, the effect of surface atom arrangement, and the atomic origins of the structure-activity and the structure-selectivity relationships.
Introduction
Catalysis is of tremendous importance for the chemical industry. Approximately two-thirds of the chemical products and ∼ 90 % of the chemical processes involve catalysis (e.g., homogeneous, heterogeneous, or enzymatic type). Since the fi rst industrialized catalytic process -the synthesis of ammonium in 1913, industrial catalysis has been practiced for nearly a century; its signifi cance for the petrochemical industry was particularly realized when the oil crisis occurred in the 1970s. The importance of catalysis is also refl ected in environmental protection and public health; a well-known example is the catalytic converters for removing toxic emissions of automobiles, which were fi rst developed by General Motors Corporation and Ford Motor Company in 1974.
Catalysis is a complex and highly interdisciplinary science; it integrates chemistry, materials science, and chemical reaction engineering. Apparently, catalysis constitutes a central theme of chemical research as the primary activity of chemists is to perform reactions, which almost exclusively involve catalysts, such as metals. Generally speaking, a catalyst is a special substance that can speed up chemical reactions without itself being consumed in the reaction process; note that in some (but rare) cases, a catalyst is used to slow down chemical reactions. The power of a catalyst lies in its capability in accelerating chemical reactions by reducing the energy barrier (i.e., activation energy) for the transition state and in controlling reaction pathways for selective synthesis of desired product. With respect to materials with catalytic power, it is interesting that almost all types of substances (e.g., acids, bases, metals, semiconductors, clays, carbon, organometallic complexes, nucleic acids, proteins, etc.) can serve as catalysts for certain chemical processes. The earliest observation of catalytic action dates back to the 19th century when chemistry fi rst came into being. J ö ns Jacob Berzelius (1779 -1848) is generally credited for being the fi rst person who carried out systematic, scientifi c study on catalysis. In 1836, he integrated early observations of catalytic power of special substances into a systematic body of knowledge and coined for the fi rst time the term " catalysis " . Currently, catalysis is recognized widely, not only in organic or inorganic chemistry (e.g., homogeneous and heterogeneous catalysis) but also in life and all living things (e.g., enzymatic catalysis).
This review article focuses on heterogeneous catalysis by precious metal nanoparticles. Unlike homogeneous and enzymatic catalysis, heterogeneous catalysis refers to a catalytic process that typically involves solid catalysts and reactants of different phases (e.g., gas or liquid). The solid-state catalysts are rather versatile, such as metals (e.g., Pt, Pd, Ag, Au), semiconductors (e.g., TiO 2 , CdS), zeolites, molecular sieves, and so on. Precious metal catalysis constitutes an important branch of heterogeneous catalysis in the chemical industry; for example, the well-known catalytic converter utilizes three metals (Rh, Pt, and Pd) of the platinum group. In retrospect, Paul Sabatier (1854 -1941, awarded a Nobel Prize in 1912) was the fi rst to carry out hydrogenation of organic compounds using metal (Ni) powder catalysts, and Irving Langmuir (at General Electric) performed CO oxidation with Pd catalyst. In the Periodic Table, precious metals (also called noble metals) refer to Ag, Au, Pd, Pt, Rh, Ir, Ru, and Os, with the latter six elements known as the platinum group. Rhenium (Re) may also be included in the group of precious metals.
Heterogeneous catalysts of precious metals almost exclusively involve the small particle form, often on the nanoscale (e.g., 1 -100 nm in diameter), although in some cases microscale particles are also used (e.g., Ag particles of a few µ m in size are used in industrial epoxidation of ethylene). Physical " seeing " of nanoparticles was apparently not feasible prior to the invention of electron microscopy and, thus, early studies of heterogeneous catalysis (e.g., during the fi rst half of the 20th century) were rather " dark " . Even today, catalysis is still sometimes called " black art " owing to the nature of catalysts being largely unknown. However, in the past two decades, signifi cant developments in nanotechnology have enabled researchers not only to see nanoparticles clearly at atomic resolution and create well-defi ned nanoparticles but also to look into the very fundamentals of catalytic processes. Such remarkable, signifi cant progress in catalytic research repudiates the previous " black art " notoriety of catalysis and brings catalysis into an exciting era of scientifi c research at the ultimate atomic level, which has long been dreamed by catalysis chemists.
In this review article, I will fi rst briefl y discuss conventional nanocatalysts (Section 2) to usher new researchers into the catalysis fi eld, then present the major advances in the creation of well-defi ned nanoparticles in solution phase (Chart 1 ) and their catalytic applications (Section 3), and fi nally provide my personal perspective on some future developments of catalytic science, including challenging issues and prospects of the catalysis fi eld (Section 4). As this review focuses on the catalytic materials, theoretical aspects of catalysis and catalytic reaction mechanisms will not be covered. Also, this review article is not intended to be a comprehensive one, thus many excellent works from my colleagues may not have been included owing to my unawareness.
Conventional heterogeneous metal catalysts
Heterogeneous catalysts of metals are composed of two major components: the active metal particles and the support. Typical supports are Al 2 O 3 , SiO 2 , MgO, Fe 2 O 3 , TiO 2 , CeO 2 , and many others. The most widely used conventional method for preparing metal catalysts is the wet impregnation method [1] . In this method, the support (usually in powders) is soaked in a solution of metal salt (with metal loading, say, of ∼ 0.1 -10 wt % ), followed by drying, then by thermal treatment (i.e., calcination) [2] . The metal salt decomposes under high temperatures and converts to nanoparticles, which are fi nally dispersed on the support surfaces. Hydrogen pretreatment is often applied to turn such pro-catalysts into active ones (i.e., to reduce the surface oxidized metal nanoparticles into metallic state).
Apparently, the impregnation method has a poor control over the metal particle size and the size distribution. However, in practical work, researchers may not care about those aspects, as long as high activity and selectivity of the catalyst can be attained, which is why catalysis was once called " black art " . Nevertheless, in modern research, the availability of many nanoscale characterization tools, especially electron microscopy, has enabled researchers to obtain a great deal of invaluable information of catalysts and to understand some mechanistic aspects of catalysis, hence no longer " black art " . The impregnation method, although very old, is still a very popular method for preparing heterogeneous catalysts, even today. Many variations or new methods have been developed in the past decades, such as coprecipitation, which involves simultaneous precipitation of the active metal and the support, depositionprecipitation [3] , sol-gel method [4] , deposition of colloids [5] , and so on.
The metal nanocatalysts prepared by conventional, saltbased methods often consist of polydisperse nanoparticles, which preclude studies of particle size dependence or obscure the size-dependent catalytic results. This situation is even worse when it comes to very small nanoparticles, say below 5 nm (diameter), because it is even harder to control the uniformity of such very small nanoparticles. Moreover, there is no guarantee that the deposited metal salt has been completely converted to nanoparticles during the calcination step.
Some salt species can still possibly exist as ions on the support surface, or some are present as few-atom clusters ( < 1 nm) that are very hard to be detected by routine transmission electron microscopy (TEM) analysis (e.g., bright fi eld imaging). Thus, from the viewpoint of fundamental studies on catalysis, well-defi ned catalysts, at least well-defi ned metal nanoparticles should be attained, although the support may still be ill-defi ned; the support is, in most cases, less critical compared with the metal component as the metal particles are the active catalytic species. In previous research, it has been extensively demonstrated that the catalytic reactivity of nanoparticles is highly dependent on their size and composition, as well as on some other parameters. However, fundamental understanding of real-world catalysts (as opposed to single crystal model catalysts) was only met with limited success. Fortunately, the advent of nanotechnology has signifi cantly advanced the techniques for preparing well-defi ned nanoparticles, especially in solution phase synthesis of precious metal nanoparticles with excellent control over particle size, shape, and morphology, etc., which have opened up new, exciting opportunities for catalysis.
Impacts of nanotechnology on nanocatalysis by precious metals
Small metal nanoparticles have long been used in the fi eld of heterogeneous catalysis for many decades, although not explicitly declared previously. Compared with bulk metals, the nanoparticle form leads to a signifi cantly higher surfaceto-volume ratio (i.e., having a much higher fraction of surface atoms) as well as reduced cohesive energy; hence, the surface atoms (especially those at sharp corners and edges) become very reactive. The properties of surface atoms are intimately related to the underlying atoms which are not directly exposed; the latter are essentially in bulk-like coordination environments, although size-induced electron energy quantization may occur in small enough metal nanoparticles.
When shrinking metal bulks into nanoparticles, the surface atoms will experience distinct changes in atomic arrangement as well as in surface electronic properties. In addition, small particles possess a higher degree of curvature, which could be benefi cial for those surface-sensitive reactions. The geometric (e.g., size and shape), electronic, and other related effects of surface atomic sites are all of major importance for catalysis. The signifi cant advances in nanotechnology have created some unique opportunities for catalytic research. With well-defi ned metal nanocatalysts, many important issues are expected to be understood much deeper, such as the nature of the catalytic active sites, the metal-support interactions, the effect of surface atom arrangement, and the structure-activity and structure-selectivity relationships. Below we shall select some topics for a more detailed discussion.
Shape effect of metal nanoparticles on catalysis
One of the major advances in solution phase nanochemistry lies in the shape control of nanoparticles. As is known, catalysis is essentially about the surface. Thus, achieving control over the exposed facets of nanoparticles is critical for catalysis. The size dependence is well known in catalysis and has long been pursued [6] , but the shape dependence was much less explored in the past primarily owing to the unavailability of high-quality, shape-controlled nanocrystals.
With respect to the shape dependence, it is worth noting that previous studies on bulk single crystal surfaces explicitly demonstrated that the catalytic activity and/or selectivity are strongly dependent on the exposed crystallographic planes [7, 8] . For example, with regard to the Fe catalyst for ammonia synthesis, the (111) surface was found to be most active, and the order of reaction rate follows (111) > > (110) > (100) [7, 8] . The availability of shape-controlled metal nanocrystals in recent years has provided some exciting opportunities for catalytic studies [9] .
Among the precious metals, Ag, Au, Pd, Pt, Rh, and Ir are all of face-centered cubic (FCC) structure. The FCC unit cell is shown in Figure 1 , together with the most common crystal planes of {100}, {110}, and {111}. " Spherical " nanoparticles are actually enclosed by many types of facets of different Miller indices, most commonly by {111} and {100} facets. The {111} surface exhibits hexagonal close-packing of atoms, and the {100} surface shows square-packed atoms, whereas the {110} surface shows an open structure with the second layer of atoms also being accessible to reactants (Figure 1 ). The preferred exposure of these low-index facets is due to the fact that these surfaces have lower energy, and hence are more stable. Nanoparticles of different shapes also possess different fractions of atoms on the corners and edges. Such corner and edge atoms are of particular interest in catalysis.
Many shapes of precious metal nanocrystals have been reported in the literature, each with specifi c crystallographic facets. With respect to chemical synthesis, several methods have been developed for preparing solution phase metal nanoparticles with excellent shape control. Some versatile approaches are, e.g., the kinetically controlled method, the photo-induced growth method, the seed-mediated method, and the polyol method, which have enabled the synthesis of a variety of nanostructures, such as nanotetrahedra [10] , nanoprisms [11] , nanorods [12] , nanocubes [13, 14] , and nanowires [15] .
In 1996, El-Sayed and coworkers reported shape control of Pt nanoparticles (including tetrahedral, cubic, and truncated octahedral shapes) using a hydrogen reduction method in the presence of polymer capping agents (such as polyacrylate) [10] . The Pt nanotetrahedra are enclosed by four {111} facets and have sharp corners and edges, whereas the nanocubes are composed of {100} facets and have somewhat rounded corners and edges, and the spherical nanoparticles are not ideally spherical, instead, " near spherical " , and possess many small {111} and {100} facets with corners and edges located at the boundaries of these facets ( Figure 2 , left panels A, C and E). These distinct differences in surface structures prompted a comparison of the catalytic effi ciency of these differentshaped nanoparticles. The Pt nanotetrahedra ( ∼ 4.8 nm) and nanocubes ( ∼ 7.1 nm) were investigated for catalyzing the electron-transfer reaction between hexacyanoferrate(III) and thiosulfate ions in solution at room temperature and pH 7 [16, 17] . The Pt nanotetrahedra [herein capped by poly(vinylpyrrolidone), PVP] showed the highest activity, which was attributed to its highest fraction of surface atoms on the corners and edges as Pt nanotetrahedra gave rise to the lowest activation energy ( Figure 2 , right panels B, D, and F) [18] . The PVP-capped Pt nanotetrahedra were also utilized to catalyze the Suzuki cross-coupling reaction between phenylboronic acid and iodobenzene to form biphenyl at 100 ° C [19] , but such nanoparticles were found to be not very active, much less than Pd nanoparticles (e.g., spherical ones); note that Pd nanoparticles, regardless of particle shape, are highly active in catalyzing the Suzuki reaction. Tsung et al. [20] synthesized Pt nanocubes of various sizes from 5 to 9 nm by a polyol process ( Figure 3 ) and loaded such particles onto mesocellular foam (MCF)-17 mesoporous silica for evaluating the catalytic properties. The ethylene hydrogenation rate was found to be independent of both size and shape of the Pt nanocatalysts; this result is indeed comparable to Pt single crystals. For the other reaction investigated, pyrrole hydrogenation, the Pt nanocubes were found to enhance the ring-opening ability and showed a higher selectivity to n -butylamine compared to the nanopolyhedra (Figure 3 , panels I and J). In related work, monodisperse sub-10 nm Rh nanocubes were also synthesized by the polyol method [21] . The {100}-faceted Rh nanocubes were capped by both tetradecyltrimethylammonium bromide (TTAB) surfactant and PVP, but the capping agents did not prevent catalytic activity of the nanocube for pyrrole hydrogenation and CO oxidation, respectively. Highly uniform Pd nanocubes were also reported, but their catalytic activities have not been explored [14] . In k (min Somorjai and coworkers have carried out extensive investigations on the shape-dependent catalysis. Pt nanoparticles of cubic and cuboctahedral shapes capped by TTAB surfactant were compared for the reaction of benzene hydrogenation [22] . The nanoparticle shape was found to strongly affect the catalytic selectivity: cuboctahedral Pt nanoparticles gave rise to both cyclohexane and cyclohexene, whereas cubic Pt nanoparticles only produced cyclohexane. Interestingly, the selectivities were similar to what were obtained on Pt (111) and (100) single crystals, but the apparent activation energies ( E a ) on nanocrystals were lower than on single crystal Pt surfaces, e.g., E a = 10.9 ± 0.4 kcal/mol for cyclohexane production on cubic nanoparticles, 8.3 ± 0.2 and 12.2 ± 0.4 kcal/mol for respective cyclohexane and cyclohexene production on cuboctahedral nanoparticles.
Mostafa et al. investigated the infl uence of the shape of Pt nanocatalysts ( ∼ 0.8 -1 nm diameter, supported on γ -Al 2 O 3 ) on the catalytic reactivity [23] . Such nanoparticles with different shapes were synthesized by inverse micelle encapsulation, and the nanocatalysts were found to show distinct differences in the activity for 2-propanol oxidation to acetone (below 100 ° C). These authors found that the decreasing onset reaction temperature for 2-propanol oxidation correlated well with the increasing number of missing bonds at the particle surface, implying that undercoordinated Pt surface atoms (those at corners and edges) are the most active reaction sites [23] .
Kundu et al. prepared Au nanospheres, nanorods, and nanoprisms capped by cetyltrimethylammonium bromide (CTAB) (Figure 4 ) and observed different catalytic activity for the reduction of aromatic nitro compounds to amino derivatives at room temperature [ 24 ] . The reaction was found to be fastest with nanospheres and slowest with nanorods, whereas nanoprisms were intermediate; note that the numbers of particles in the catalytic reaction was kept approximately the same. Kundu et al. also synthesized Rh nanospheres (60 ± 5 nm), nanocubes ( ∼ 160 ± 10 nm), and nanofl owers (300 -400 nm) via a photochemical method [ 25 ] . All these Rh nanoparticles of different morphology are capped by CTAB surfactant. The Rh nanocubes exhibited the highest activity towards the catalytic reduction of aromatic nitro compounds by NaBH 4 in aqueous solution [ 25 ] . The different shape dependences (Au vs. Rh) are interesting and further work is needed to gain insight into the differences.
The shape dependence of Pd nanocrystals (hexagonal vs. spherical) has also been investigated for selective alkyne hydrogenation of 2-methyl-3-butyn-2-ol [26] . For Ag nanocatalysts, Xu et al. prepared three distinct shapes, nanoprisms with predominant {111} facets, nanocubes with {100} facets, and quasi-spherical Ag nanoparticles ( Figure 5 ) [27] . Catalytic evaluations for the styrene oxidation reaction showed that the Ag nanocubes was the most active, which was over 7 times higher than that for the nanoplates and ∼ 3 times higher than that for spherical particles.
In electrocatalysis, Pt is generally the best catalyst for fuel cell reactions, but its high cost and lower abundance on earth render Pt not feasible for world-wide application in fuel cell cars, and thus searching for alternative catalysts is necessary. In this regard, signifi cant work has been carried out in recent years, and nanotechnology apparently plays a vital role. The price of Pd is around one-third of the Pt price. With different shaped Pd nanoparticles (rods vs. spheres), Xiao et al. found a strong shape-dependence of the electrocatalytic activity in the oxygen reduction reaction (ORR) process [28] . The surfacespecifi c activity of Pd nanorods with exposed {110} facets was found to be ∼ 10-fold higher than that of Pd nanospheres, becoming comparable to that of Pt at operating potentials of fuel cell cathodes for the ORR process. They ascribed the superior activity of Pd nanorods to the much weaker interaction between the Pd {110} facet and O adatoms, which benefi ts the ORR process. Seo et al. [29] and exhibited enhanced electrocatalytic activity for oxygen reduction and glucose oxidation, respectively [29] . It is worth noting that the current gold price has become unexpectedly higher than that of platinum owing to the depressed economy; thus, gold-based electrocatalysts do not have an incentive in price for the time being. In a recent review, Koper discussed the special role of two types of active sites on nanoparticle surfaces for electrocatalytic reactions, including (i) steps/ defects in the {111} terraces or facets and (ii) the {100} terraces or facets [30] . The shape dependence of metal nanoparticles is of major interest and importance in catalysis [9] . The above examples only provide an introduction to this new exciting direction, and much work remains to be done in the future in terms of the catalytic properties of shaped-controlled nanoparticles. There are several disadvantages of currently available shaped-controlled nanocrystals. First of all, the shape purity still needs to be improved; for example, in the studies of the Pt shape dependence [16] , the tetrahedral nanoparticles were only of ∼ 76 % purity and the cubic ones only of ∼ 61 % purity. In this regard, single particle studies, which follows the catalysis of individual nanoparticles in real time (at single turnover resolution) using the single molecule fl uorescence microscopic technique, give rise to useful information [31, 32] . Second, the currently available nanocrystals of distinct shapes are often rather large, typically of several tens to hundreds of nanometers, only in rare cases are shape-controlled nanocrystals of a few nm in size achieved [33] . The large size gives rise to a low atomic effi ciency compared to smaller nanoparticles. To achieve high activity and also reduce the cost of precious metal catalysts, it is highly desirable to develop facile methods for making smaller (around < 10 -20 nm) nanocrystals of specifi c shapes. The development of facile synthetic methods of shape-controlled nanocrystals is also of particular importance to some catalysis researchers who have less experience in nanoparticle synthesis and shape control, as facile synthetic methods can be easily followed by them.
Other issues such as the stability of shape-controlled nanocrystals during the catalytic reaction processes and leaching of metal atoms need to be more carefully studied in future work. Non-spherical nanocrystals have generally been found to be more active than spherical counterparts, but inconsistent results certainly exist, and a unifi ed picture is still missing. Moreover, the nature of shape dependence is not fully understood. Comparison between nanocrystals with specifi c facets and bulk single crystal surfaces also remains to be investigated in more detail.
High-index faceted nanoparticles
Among the shape-controlled nanoparticles, there is a special type of polyhedral nanocrystals, which are exposed with high-index facets ( Figure 6 ), such as {730}, {321}, {311}, etc., rather than low-index ones such as {100} for nanocubes. High-index ( hkl ) facets should have at least one index being larger than unity, such as (210).
The relationship between different types of FCC metal polyhedrons bounded by low-and high-index crystallographic facets is shown in Figure 7 . The three vertices of the triangular diagram show regular polyhedrons enclosed by low-index facets, including octahedrons with {111} facets (bottom left vertex), cubes with {100} facets (bottom right vertex), and rhombic dodecahedrons with {110} facets (top vertex). The high-index faceted polyhedrons are shown on the three sides of the triangle, as well as those within the triangle. There are four types of such polyhedrons, including trisoctahedron, tetrahexahedron, hexoctahedron, and trapezohedron.
In nanocrystals, high-index facets can be identifi ed in TEM imaging by the analysis of the projection angles and the atomic arrangement of the edge-on facets. Such { hkl } surfaces are open structures, giving rise to rich atomic steps and kinks that are low coordinated. Such undercoordinated atoms often serve as active sites and adsorb reactant molecules more strongly, and hence can easily break the bonds and activate the molecules. In previous electrochemical studies, high-indexed single crystal planes of metals demonstrated high reactivity and stability. Therefore, high index-faceted nanocrystals are of great interest to nanocatalysis. By choosing appropriate ligands and exerting kinetic control, polyhedral nanoparticles with certain types of high-index facets can indeed be prepared. At fi rst sight, one would speculate that nanoparticles should be enclosed by low energy facets (i.e., low-index facets) such as {111}, {100}, and {110}, for that they are more favorable in energy than high-index facets. The surface energy of different crystallographic facets of a FCC metal follows the increasing order of γ {111} < γ {100} < γ {110} < γ { hkl }, where { hkl } represents high indices. However, one should keep in mind that nanoparticles are largely due to kinetic stability, in contrast with the thermodynamic stability of bulk materials. Moreover, the total energy of a nanoparticle is related to both the metal core and interfacial bonds with surface ligands. The interfacial bonding between metal surface atoms and ligands is of vital importance for the stability of the entire nanoparticle, but is unfortunately often ignored in practical considerations and theoretical computations. The above order of surface energies apparently does not take into consideration the interfacial bonding. It should also be noted that ordinary nanoparticles that are thought to be enclosed by low-index facets could instead be enclosed by high-index facets; for example, Liz-Marz á n and coworkers recently identifi ed eight (250) lateral facets in Au nanorods [36] . Recent advances in nanoparticle synthesis have allowed the preparation of some types of well-defi ned nanocrystals with high-index surfaces. In a recent article, Tian et al. [34] discussed the relationship between surface structure and catalytic functionality of model electrocatalysts and of the electrochemically synthesized, high index-faceted Pt and Pd nanocrystals, including tetrahexahedral nanocrystals with 24 facets of { hk 0} type (Figure 7 ), trapezohedral nanocrystals with 24 facets of { hkk } type, concave hexoctahedral nanocrystals with 48 facets of { hkl } type, and multiple twinned nanorods with { hk 0} facets. Chemical reactions tend to preferentially take place at the high-index facets or surface steps, as the latter sites are typically much more reactive due to the special atomic arrangement and the low coordination nature. In recent research, there has been a huge thrust on the high index-faceted nanocrystals, with a focus on the evaluation of such nanocrystals as electrocatalysts for small organic fuel molecules, such as methanol, ethanol, formic acid, etc., as these are of great importance to fuel cells.
Tian et al. reported the fi rst synthesis of tetrahexahedral (THH) Pt nanocrystals ( Figure 8 ) by an electrochemical treatment of Pt nanospheres supported on glassy carbon [37] . The THH nanocrystals were found to be enclosed by 24 high-index facets, such as (730), (210), and/or (520). All these surfaces have a high density of atomic steps and dangling bonds and are found to be stable up to 800 ° C. Interestingly, the THH nanocrystals exhibit signifi cantly enhanced (up to 400 % ) catalytic activity (normalized by surface area) for electrooxidation of formic acid or ethanol. Very recent work by Sun and coworkers [38] demonstrated that, by decorating THH Pt nanocrystals ( ∼ 100 nm) with Bi adatoms, the catalytic activity for formic acid oxidation was signifi cantly enhanced compared to undecorated nanocrystals, and the incompletely oxidized CO product was inhibited; the latter avoids Pt poisoning caused by CO adsorption. They also found that the catalytic activity of Bi-decorated THH Pt nanocrystals are approximately twice that of Bi-decorated Pt nanospheres, demonstrating the additional shape effect apart from the doping effect [38] .
In contrast to the THH nanocrystals that have protruded (730) facets, Xia and coworkers prepared Pd concave nanocubes with (730) facets ( Figure 9 ) through preferential overgrowth on Pd cubic seeds enclosed by (100) facets [39] . They found that the preferential overgrowth at corners and edges of cubic Pd seeds could be triggered by lowering the concentrations of Na 2 PdCl 4 and KBr or by increasing the concentration of ascorbic acid. The concave Pd nanocubes exhibited a 1.9 times increase in the peak current in electrooxidation of formic acid compared to regular nanocube catalysts. They also found that in the Suzuki coupling reaction, the Pd concave nanocubes showed 99 % yield in the conversion of iodobenzene to biphenyl, whereas regular nanocubes only gave a 38 % yield, and the turnover frequency (TOF) of the Pd concave nanocubes was 3.5 times that of the regular Pd nanocubes. Herein, it should be noted that small Pd nanospheres are indeed very active in catalyzing this Suzuki reaction. In related work, Yu et al. investigated Pt concave nanocubes with ample high-index facets, such as (510), (720), and (830), and demonstrated an enhanced electrocatalytic activity of such nanocrystals (per unit surface area), which was 3.5 times higher than that of the commercial Pt/C catalyst in the ORR process [40] .
Zhang et al. recently made concave Au nanocubes enclosed by 24 surfaces of high-index (720) through a modifi ed seedmediated approach involving CTAB surfactant [41] . A related nanostructure to the THH shape is the elongated tetrahexahedral Au nanocrystals with (730) facets ( Figure 10 ) [42] , which were demonstrated to be more electrochemically active than octahedral Au nanocrystals enclosed by eight low-index (111) facets.
A high-yield synthetic method has been reported for fabricating Au core -Pd shell THH nanocrystals bounded by high-index (730) facets [43] . Using regular gold nanocubes ranging from 30 to 70 nm, the size of THH Au-Pd core-shell nanocrystals was tailored from 56 to 124 nm; their electrocatalytic activity (e.g., oxidation peak current) for ethanol oxidation was found to ∼ 2.1 higher than that of concave octahedral Au corePd shell nanocrystals, and ∼ 1.2 times higher than that of regular octahedral Au core -Pd shell nanocrystals ( Figure 11 ) [43] . Wang et al. reported an epitaxial growth of Pd shells on high indexfaceted gold THH nanocrystals enclosed by 24 high-index (730), and on trisoctahedral (TOH) nanocrystals enclosed by 24 high-index (221) [44] . The resultant Au core -Pd shells nanostructures preserve the original high-index facets ( Figure 12 ). In the Suzuki coupling reaction, the turnover numbers (per surface atom) of these core-shell nanostructures were demonstrated to be 3 -7 times that of (100)-enclosed Pd or Au corePd shell nanocubes.
A versatile method for delicately controlling the highindex facets of polyhedral nanocrystals has been reported by Lee and coworkers [35] . Using concave TOH Au [110] B A [111] [100] Tetrahexahedra Concave octahedra Octahedra Figure 11 Core-shell Au-Pd nanocrystals of different morphologies (panels from left to right: THH, concave octahedral, and octahedral shapes). From Ref. [43] . Liu and Pippel prepared quaternary PtCuCoNi nanotubes of low Pt content using a template-assisted one-step electrodeposition method [46] . Interestingly, such nanostructures exhibited markedly enhanced ORR activity. The authors attributed the enhancement activity to several favorable factors, including the synergistic effect of multielements, the strain and electronic effects associated with surface dealloying, and the hollow/porous geometry.
Zheng and coworkers [47] recently demonstrated amines as the surface controller and successfully prepared concave Pt octapod nanocrystals with (411) high-index facets via a wet chemistry route (Figure 15 ). Excellent activity (per unit surface area) in the electrocatalytic oxidation of both formic acid and ethanol was observed (i.e., 2.3 and 5.6 times greater than those of commercial Pt black and Pt/C, respectively). The enhanced activity of the Pt nanocrystals was attributed to the high density of atomic steps present on high-index (411) exposed facets, although (100) facets also exist in the concave Pt nanocrystals apart from high-index (411) facets.
A quantitative measurement of the ∼ 2 nm Pt nanoparticles was attained by Shao-Horn and coworkers [50] . They found that the intrinsic activity (normalized by Pt surface area) for CO and methanol electrooxidation processes increases linearly with the amounts of surface steps, e.g., n (111) × (111) type. Goodman and coworkers probed the terrace sites on Pt nanoparticles as well as step sites on such particles using CO as probe molecules, and temperature desorption spectroscopy (TDS) analysis revealed that the percentage of terrace sites decreases by ∼ 50 % when the Pt particle size was reduced from 4.2 to 2.5 nm [51] . There are several other nanocrystals with high-index facets, but their catalytic activities have not been evaluated, such as high-index (210) faceted THH gold nanocrystals [52] , which were synthesized by reducing HAuCl 4 in the mixture solution of N , N -dimethylformamide and PVP polymer at 80 ° C. Concave TOH gold nanocrystals (55 -120 nm) bounded by high-index facets, such as (221), (331), and/or (441), have also been synthesized by a seed-mediated growth method using cetyltrimethylammonium chloride (CTAC) as the capping agent [53] . The authors suggested that a proper reduction rate of the metal ions in the growth solution and the preferential adsorption of CTA + on high-index facets led to the formation of the TOH nanocrystals in the kinetically driven process [53] .
Overall, well-defi ned nanocrystals with specifi c shapes will not only provide highly active and selective catalysts for certain reactions but also promote mechanistic understanding of metal catalysis, especially the shape dependence. For electrocatalysis, increasing surface steps on high-index nanoparticles is a promising strategy for fi nding highly active, new electrocatalysts for fuel cell applications. In terms of the shape-or facet-dependence in catalysis, it is meaningful to relate the results from nanocrystals to the conclusions from surface science single crystal studies [54, 55] . Future work on the shape-controlled nanocatalysts (including both low and high index-faceted nanocrystals) will ultimately lead to useful working principles for new catalyst design. For the line of basis science research, future work will reveal deep insight into the active sites, e.g., whether those atoms on the planes (i.e., terraces) or at edges, kinks, and steps, which differ in their coordination environments, are true active centers in catalytic reactions and, if so, how they are involved in activating reactants and subsequent surface reactions. nanoparticles, hollow nanostructures, nanoporous metals, and nanodendrites, etc. Such nanoparticles may be composed of a single, two or multiple metal elements. Core-shell nanoparticles with two or more metal components are typically made by sequential reduction of metal salt precursors in solution phase [56] . Hollow nanoparticles are often made by chemical etching methods; for example, using Ag nanoparticles as a sacrifi cial template in the etching reaction by Au(III) ions, a galvanic replacement reaction (or transmetalation reaction) occurs and gives rise to porous gold nanostructures [57] .
Core-shell nanostructures
The core-shell strategy is very useful in preparing catalysts, especially Pt-based electrocatalysts. Pt is the best catalyst for both cathode and anode reactions, but the high price of Pt has long been a major concern in fuel cell applications. Thus, fabricating Pt-coated nanoparticles of less expensive metals or Pt-based alloy nanoparticles constitutes a promising route to reduce the Pt content in electrocatalysts [58, 59] . Sasaki et al. [ 60 ] prepared Pd core Pt shell nanoparticle catalysts (denoted as Pd@Pt) at ultralow platinum content, in which Pd is much less expensive than Pt. Interestingly, the low Pt content did not deteriorate much the ORR activity of the core-shell particles, and in fuel cell tests, no loss of Pt was observed even after 200,000 potential cycles. The improved Pt stability was found to be imparted by the Pd core, which was gradually lost to protect the Pt shell [ 60 ] . Shao et al. demonstrated that Au@Pt with one monolayer of Pt ( ∼ 3 nm total diameter) can achieve a 1.6-fold increase in ORR activity compared to Pd@Pt nanoparticles of comparable size [ 61 ] . The activity of Au@Pt catalyst indeed surpasses that of a state-of-the-art 2.8-nm Pt/C catalyst. Density functional theory calculations imply that the signifi cant strain in the surface of the core nanoparticle plays a critical role in activity enhancement [ 61 ] . Sun and coworkers fabricated core-shell nanoparticles composed of a 5-nm Pd core with a controlled Au shell of 1, 1.5, and 2 nm, respectively [62] . In the catalytic evaluation for oxygen reduction in alkaline fuel cell conditions (e.g., 0.5 m KOH), the Pd@Au activity was found to be dependent on the Au shell thickness, with gold shells thinner than 1.5 nm being more active than those with 2 nm shell and pure Au nanoparticles. Multi-metallic Pd@Au@FePt core-shell nanoparticles (11 nm) have also been produced ( Figure 16 ). Metal@oxide core-shell nanoparticles have also been reported. Yin et al. prepared Au@Fe 2 O 3 core-shell nanoparticle catalysts (deposited on SiO 2 support) and found that the catalyst was highly active for low-temperature CO oxidation, even higher than that of Au/SiO 2 or Au/Fe 2 O 3 which were prepared by colloidal deposition [63] . Apart from the often observed synergistic effect in core-shell nanoparticles, another major advantage is to introduce an oxide shell to protect the metal particle from sintering under harsh reaction conditions, e.g., at high temperatures (for accelerating the reaction) and at high pressure (for increasing the yield). The durability of catalysts under harsh conditions is always a major issue. Metal nanoparticles in the form of metal core (Pt, Co)@inorganic shell (SiO 2 ) were found to exhibit exceptional thermal stability and thus were well suited to perform catalytic reactions at high temperatures (e.g., > 400 ° C) [64] .
Related to the core-shell strategy, mesoporous multicomponent nanocomposite colloidal spheres ( Figure 17 ) were reported by Li and coworkers [65] , such as Ag (10 nm These caged nanoparticles were demonstrated as high-temperature stable catalysts, such as in CO oxidation and cyclohexene hydroconversion [65] .
Apart from inorganic shell materials, organic (e.g., polymer) shells have also been utilized. Carregal-Romero et al. [66] encapsulated gold nanoparticles in a thermoresponsive microgel (pNIPAM) and used such core-shell particles as catalysts in the electron transfer reaction between hexacyanoferrate(III) and borohydride ions. The thermoresponsive polymer shell was demonstrated to act as a " nanogate " , which can be opened or closed to a certain extent ( Figure 18 selective catalytic hydrogenation of nitrobenzene (as opposed to nitrophenol) [67] . A key to that is the porous polymer shell was made to be hydrophobic, which selected hydrophobic molecules (e.g., nitrobenzene) to pass through freely, but barricades hydrophilic molecules (e.g., nitrophenol). Upon reaching the Au core, the nitro-compound can be hydrogenated.
Hollow and porous nanostructures Apart from solid nanoparticles of metals, hollow or porous nanoparticles have also been the focus of considerable interest for catalytic applications. Kim et al. demonstrated that hollow
Pd nanoparticles showed excellent catalytic activity in Suzuki reactions, and that such nanocatalysts could also be recycled without the loss of the catalytic activity [68] . In catalytic photodegradation of methyl orange, hollow Au nanocages were found to be more effi cient than semiconductor nanomaterials (e.g., TiO 2 and ZnO) [69] . The Au nanocages were made by Au(III) etching of Ag nanocubes and thus had remaining Ag on their interior walls which could be oxidized to Ag 2 O and acted as a photocatalyst [69] . A yolk-shell type of catalyst, e.g., Au nanoparticles located inside a porous shell of SiO 2 , was prepared by Wang et al. [70] . A unique aspect of the yolkshell catalyst lies in that Au has a minimum effect from the support and thus one may investigate the intrinsic catalytic properties of Au core. Ma and Dai recently summarized research progress in the design of novel structured nanogold catalysts such as core-shell and yolk-shell nanocatalysts [71] . The ordered porous metal materials are also promising for catalysis. Lu and Eychm ü ller [72] discussed the colloidal crystal template technique, which is rather general for fabricating ordered porous metal structures. Ordered bi-metallic nanostructures with hierarchical porosity can be fabricated and utilized for catalysis. Such hollow nanostructures have some unique advantages, such as the uniform macropores of a few hundred nanometers (i.e., high mass transport effi ciency) and a very high surface area due to hierarchical macroporous and mesoporous structures, and thus may exhibit some unusual properties.
Dendritic nanostructures for catalysis
Another interesting type of nanostructure is the nanodendrites, also called multipod, multiarm, multibranch, or nanofl ower structures. Compared to those shaped-controlled nanocrystals, nanodendrites are not well defi ned in terms of the exposed surfaces as the exposed facets tend to be a mixture of various surfaces.
Xia and coworkers synthesized Pd-Pt nanodendrites by reducing K 2 PtCl 4 with l -ascorbic acid in the presence of truncated octahedral Pd seeds in aqueous solution (Figure 19 A) [73] . Such heterogeneous structures were found to be very active in the ORR process under acidic conditions, which provides a promising approach for solving the otherwise slow kinetics of the ORR process at the cathode. Yang and coworkers prepared Pt-on-Pd heterogeneous nanostructures [75] , which showed high activity and durability superior to the commercial Pt/C catalysts. In a recent review on nanodendrites [76] , Lim and Xia summarized several strategies for the synthesis of branched metal nanocrystals, such as the kinetically controlled overgrowth, aggregation-based growth, heterogeneous seeded growth, selective etching, and template-directed methods.
A universal method for the synthesis of nanodendrites of precious metals (Pd, Pt, and Au) has been reported ( Figure   10 
Figure 19
Nanodendrites of (A) Pd@Pt, (B) Pd, and (C) Pt. Image (A) from Ref. [73] ; images (B) and (C) from Ref. [74] .
∆T Au Au Figure 18 Au@pNIPAM core-shell nanoparticle consisting of a gold core and thermoresponsive pNIPAM polymer shell. The shell can reversibly swell or collapse below or above its lower critical solution temperature (LCST) when dispersed in water. From Ref. [66] .
19 B, C) [74] , which utilized an amino acid-based surfactant, sodium N -(4-n-dodecyloxybenzoyl)-l -isoleucinate (SDBIL). Such nanostructures showed abundances of (220) and (311) facets compared to typical nanoparticles. The Pt nanofl owers were demonstrated to be capable of catalyzing the Suzuki coupling reaction of phenyl boronic acid and iodobenzene in water with very high yield ( > 99 % ) and excellent recyclability; this is indeed the fi rst demonstration of complete Suzuki coupling with Pt nanocatalysts; note that the Pt spherical counterparts only gave 7 % yield for this reaction. The Pd nanofl owers were prepared and utilized to catalyze the Heck coupling reaction of styrene and iodobenzene in water at 95 % yield, much higher than the yield (25 % ) for spherical Pd nanoparticle catalysts under comparable experimental conditions [74] .
A multi-armed star-like Pt nanowire catalyst was synthesized by reduction of a Pt precursor with formic acid [77] . The ORR activity (on a mass basis) was demonstrated to be 1.5-times that of the commercial Pt/C (E-TEK) catalyst. In terms of surface area-based specifi c activity, the new catalyst exhibited an activity nearly 3 times that for E-TEK Pt/C catalyst. An accelerated durability test of the catalysts by potential cycling between 0.6 and 1.2 V (vs. RHE) in O 2 -purged, 0.5 m H 2 SO 4 solution at room temperature, showed much improved stability: after 4000 cycles the star-like Pt/C catalyst lost 40 % of the initial activity, compared to the loss of 67.5 % for the E-TEK Pt/C catalyst and a larger decrease in the half-wave potential for the latter catalyst. An interesting fi nding was that unsupported Pt nanostars showed even higher durability (only 13 % loss of activity after 4000 cycles) [77] .
Citrate-capped, dendritic Pt nanoparticles of ∼ 20 nm size have also been prepared and loaded onto carbon nanotubes (CNTs) via electrostatic interactions [78] . Their catalytic activity for the reduction of hexacyanoferrate(III) by sodium borohydride was studied, and the dendritic Pt/CNT heterostructures gave rise to a much lower activation energy ( E a ∼ 10.3 kJ/mol vs. 27.0 kJ/mol for spherical Pt nanoparticles). The exceptional catalytic behavior was attributed to the presence of many corners and edges in the particles with a dendritic morphology. Such hybrid heterostructures also have potential application in proton exchange membrane fuel cells [79] .
Using Au nanocubes, nanorods, and nanooctahedra as seeds, Han and coworkers deposited dendritic Pt onto those seeds via reduction of K 2 PtCl 4 by ascorbic acid in the presence of CTAB surfactant in solution [80] . Such Au-Pt heterostructures exhibited higher mass and area-specifi c activities for ORR than do monometal Pt nanodendrites. Interestingly, the core geometry was found to signifi cantly affect the ORR activity: the Au-Pt nanostructure with octahedral Au core showed the highest enhancement of the catalytic activity. This is attributed to the reduced oxygen binding energy on Au-Pt compared to that on the bulk Pt(111) surface [80] . Wang and coworker prepared Pt-on-Pd bi-metallic nanodendrites supported on graphene nanosheets [81] , in which small Pt nanobranches were grown on Pd nanocrystals, forming porous structures. This type of metal/graphene heterostructure possessed a high electrochemical active area and thus exhibited much higher electrocatalytic activity towards methanol oxidation reaction than the conventional catalysts of platinum black and commercial E-TEK Pt/C. Yeo et al. [ 82 ] prepared another type of Pt nanodendrites attained by Au seed-mediated growth inside hollow silica nanoshells and demonstrated that such Pt nanocatalysts had substantially higher activity than commercial Pt black in the ORR process. There are also many other reports on the synthesis of highly branched nanostructures. Lee and Park [ 83 ] devised a facile one-pot method for synthesizing multibranch gold nanoparticles by reducing Au(III) with hydroxyphenol in a biphasic, kinetically controlled process. The as-prepared, highly branched gold nanoparticles possess high-index facets. Different hydroxyphenol derivatives were found to produce various nanostructures, but no catalytic evaluation has been done.
3.3.4.
Plasmon enhancement in composite nanocatalysts Apart from the intrinsic catalytic role of precious metal nanoparticles (such as Au and Ag), the plasmonic properties of metal nanoparticles can also be utilized for catalysis. In a recent study, Mori et al. anchored a Ru(II) complex catalyst onto SiO 2 -coated plasmonic Ag nanoparticles [84] . An enhancement in the photoinduced oxidation activity of the Ru(II) catalyst for selective oxidation of styrene has been observed, which is attributed to the Ag surface plasmon properties. Metal nanoparticles are also capable of promoting the catalytic properties of semiconductors. For example, in a recent study, Yin and coworkers designed a TiO 2 -based, sandwichstructured photocatalysts decorated with Au nanoparticles and found that Au played an important role in obtaining the high catalytic effi ciency in decomposition of organic compounds under light [85] . The Au nanoparticles were rationalized to enhance light harvesting and charge separation as well as boosting the role of implanted nitrogen dopants in TiO 2 [85] . In summary, the various types of nanostructures discussed in Section 3.3 remain to be further explored in future research. It is worth developing some versatile synthetic methods to prepare core-shell nanostructures with delicately controlled distribution of metal elements in the core and/or the shell at controlled ratios. The synergistic effect in metal-semiconductor hybrids [86] deserves to be systematically studied. Overall, the various nanostructures of core-shell, hollow, multipod, and porous morphology are expected to open up some opportunities in the future development of multicomponent nanoparticles with improved activities for catalytic applications.
Bi-and multi-metallic nanoparticles for catalysis
Tuning the composition of metal catalysts is one of the effective ways of tuning the catalytic activity of metal nanoparticles. The miscibility of metals at the nanoscale can be much wider than in bulk alloys. Bi-metallic nanoparticles have long been recognized for the synergistic effects on catalytic performance [87] . In conventional preparation of bi-metallic catalysts, wet impregnation of supports with a mixed solution of different metal salts works well. Recent development in solution phase nanochemistry has permitted precise control of the composition and distribution of the two metallic components in the nanoparticle, such as alloyed, core-shell, and dumbbell nanostructures.
Kang and Murray [88] prepared cubic Pt-Mn alloy nanocrystals and found that the ORR activity (mass-specifi c) in H 2 SO 4 was much higher ( ∼ 3 times) than that of the commercial Pt catalysts (e.g., commercial Pt/C and Pt black catalysts). In addition, the Pt-Mn nanocubes also showed a higher ORR activity than Pt-Mn nanospheres. By incorporating Co into Pt nanocubes, Yang et al. demonstrated enhanced catalytic activity of Pt 3 Co nanocubes compared to plain Pt nanocubes in electrocatalytic methanol oxidation [89] . The enhancement was attributed to the slower and weaker adsorption of adverse CO onto Pt 3 Co (vs. plain Pt). Lee et al. reported a simple onepot aqueous synthetic method for preparing rhombic dodecahedral Au-Pd alloy nanocrystals enclosed exclusively by 12 (110) facets (Figure 20 ) , which exhibited higher electrocatalytic activities than (111)-faceted nanoparticles [90] . Wong and coworkers reported high activity of Pd-on-Au bi-metallic nanocatalysts (with only submonolayer Pd coverages) compared to monometallic Pd catalysts for hydrodechlorination of trichloroethene [91] , with catalytic activity being two orders of magnitude greater than Pd black (on a Pd atom basis). In this system, apart from the synergistic effect, gold was also found to improve oxidation of the catalyst and deactivation resistance to chloride and sulfi de species, a common problem for Pd-based catalysis [91] .
Multi-metallic nanoparticles can also be made. Zhong and coworkers [92] investigated PtNiCo catalysts for oxygen reduction reaction to understand the effects of lattice strain and surface properties of the carbon-supported tri-metallic catalyst on its activity and stability. The increase in the thermal treatment temperature was found to shrink the lattice constants of the alloys and increased faceting of the catalysts. Such effects were correlated to the enhancement of electrocatalytic activity [92] . Recent work on PtNiFe/C catalysts revealed that catalysts treated at lower temperatures led to Pt surface enrichment and, hence, higher mass activity, whereas the higher temperature-treated catalyst showed a reduced surface concentration of Pt (i.e., enhanced Pt-alloying surface sites), and hence higher specifi c activity for electrocatalysis [93] . Yu and coworkers reported PdAuCu ternary nanotube catalysts for ORR and H 2 O 2 reduction reactions [94] . They found that the incorporation of Au into a PdCu system can lower the oxidation potential of Cu and favor the formation of active Cu(II) species, giving rise to a synergistic effect in the catalytic activity of the nanotubes [94] .
Dumbbell-like nanoparticles of Pt-Fe 3 O 4 ( Figure 21 ) were also synthesized by Wang et al. through epitaxial growth of Fe onto Pt nanoparticles, followed by Fe oxidation [95] . The nanoparticle size in the structure is tunable from 2 to 8 nm for Pt and 6 to 20 nm for Fe 3 O 4 . Pt nanoparticles in the Pt-Fe 3 O 4 structure show a 20-fold increase in mass activity towards oxygen reduction reaction compared with the single component Pt nanoparticles and the commercial 3-nm Pt particles. This work proves that it is possible to maximize catalytic activity of the Pt nanoparticle catalyst through the control not only of Pt size and shape (as discussed in the above sections) but also of its interaction with Fe 3 O 4 nanoparticles.
Recently, Zhong and coworkers summarized the phase properties of multi-metallic nanoparticle catalysts. Their systematic work has demonstrated that the bi-metallic nanoparticles may possess phases ranging from alloy, partial alloy, to phase segregation (Figure 22 ) depending on the preparation, the bi-metallic composition, and the supporting materials [87] . Overall, for bi-or multi-metallic catalysts, detailed analyses of atomic distributions, their oxidation states, interatomic distances, the segregation of metal component(s), and the formation of surface metal oxide or active oxygen species are of particular importance. Such information will provide deep insight into the synergistic effect between the metal components and, ultimately, one can attain precise correlation of metal doping with the catalytic properties. 
Size control of metal nanoparticles and effects on catalysis
The high surface-to-volume ratio of nanocatalysts is one of the primary factors in catalysis, which largely enhances atom effi ciency and reduces the cost of precious metal catalysts. The size dependence has long been an outstanding issue in catalysis [96 -98] . However, in previous studies the unavailability of well-defi ned nanocatalysts with suffi ciently narrow size distribution makes it diffi cult to carry out in-depth studies on the particle size dependence, and some ambiguity apparently exists. In surface science studies, although narrow size distributed metal clusters (even nanoparticles of a few nm in size) from gas phase beams can be mass selected and deposited onto supports, but the landing of clusters may cause aggregation of such clusters as they are bare, resulting in a broadened size distribution. Similarly, the solvated metal atom dispersion method [99] may also lead to a size distribution during the trapping of vaporized metal atoms in frozen organic matrices and subsequent loading onto supports. In contrast, ligand-protected nanoparticles of extremely narrow size distribution (e.g., 5 % standard deviation) can now be readily obtained in solution phase. For example, uniform Au nanoparticles with size ranging from ∼ 1 nm to ∼ 100 nm [100] [101] [102] [103] can now be routinely made; for example, Eah and coworkers reported uniform Au nanoparticles ranging from ∼ 3 to ∼ 8 nm ( Figure 23 ) [101, 102] . The available uniform nanoparticles will allow one to carry out more precise measurements of size dependence in catalytic tests in future work. Joo et al. [104] synthesized uniform Ru nanoparticles ranging from 2.1 to 6.0 nm by a polyol reduction of Ru(acac) 3 precursor in the presence of a PVP stabilizer and further investigated their catalytic activity for CO oxidation. The CO oxidation activity was interestingly found to increase with particle size (as opposed to the common observation -the smaller the better -in many reactions), with the 6.0-nm Ru nanoparticle catalyst showing an 8-fold higher activity than the 2.1-nm catalysts. In related work by Grass et al. [105] , Rh nanoparticles ranging from 1.9 to 11.3 nm were supported on mesoporous SBA-15 in hydrothermal synthesis and such Rh/SBA-15 catalysts gave a result for CO oxidation opposite to the Ru nanoparticles. With increasing size from 1.9 to 11.3 nm, the turnover frequency decreases from 1.7 to 0.4 s. For Pt nanoparticlecatalyzed pyrrole hydrogenation, Kuhn et al. [106] the size dependence of dendrimer/polymer capped Pt nanoparticles between 0.8 and 5.0 nm diameter, which were supported onto SBA-15 silica, and found that the ring opening reaction occurred more easily over larger particles than smaller ones. These examples illustrate the intriguing size dependence in various reactions. Further efforts in understanding the nature of such dependences are expected in future work. Finke and coworkers [107] have carried out a series of work on the synthesis of uniform, ultra-small Ir(0) nanoparticles supported on γ -Al 2 O 3 by using oxide supported-organometallic compound (as precatalysts). The as-prepared catalysts, e.g., Ir(0) ∼ 900 /Al 2 O 3 , were found to be highly active (2.2-to 4.8-fold higher than two literature Ir(0) n /Al 2 O 3 catalysts) and have good lifetime ( ≥ 220,000 total turnovers) in cyclohexene hydrogenation.
Dendrimers have been exploited for preparing ultra-small metal nanoparticles [108, 109] . Dendrimers serve as a support (or matrix) to host ultra-small nanoparticles (e.g., < 2 nm diameter) and prevent the nanoparticles from aggregation ( Figure  24 ). By contrast, the hyperbranched structure of dendrimers allows reactant molecules to readily access the nanoparticles [108] . Dendrimer-supported Pt and Rh nanoparticles have been utilized for catalytic cyclization and hydroformylation reactions. Nakamula et al. utilized the fourth-generation (G4) phenylazomethine dendrimers (abbreviated as TPP-DPA G4) for synthesizing ultra-small Rh and bi-metallic RhFe nanoparticles with a very narrow size distribution [48] . They found that, compared to Rh nanoparticle catalysts in dendrimer cages, the bi-metallic Rh/Fe nanoparticles showed significantly higher catalytic ability in the respective hydrogenation reaction of olefi ns and of nitroarenes under mild conditions. The TOF (calculated by the conversion in 30 min of reaction) for the bi-metallic catalyst was up to 8.5-times higher than that of the Rh nanoparticle catalyst. The high activity of Rh/Fe catalyst was attributed to the Rh-Fe synergistic electronic effect [48] .
For ultra-small metal nanocatalysts, some subnanometer cluster species have been reported to be particularly active in certain reactions, but the presence of mixed sizes sometimes obscures the conclusion. Liu et al. [110] prepared FeO x -supported gold catalysts through a colloidal deposition method and such catalysts were found to be highly active for CO oxidation. Their high-angle annular dark-fi eld scanning transmission electron microscopy (HAADF-STEM) analyses showed that gold nanocluster size for this catalyst was larger than 1 nm (diameter). They pointed out that bilayer structures and/or diameters of ∼ 0.5 nm are not mandatory in order to achieve the high activity.
Atomically precise nanoclusters for catalysis
Another remarkable advance in solution phase synthesis of nanoparticles lies in the successful preparation of atomically precise nanoclusters. Current efforts focus on gold [111, 112] , but it is feasible to extend to other precious metals. These well-defi ned nanoparticles provide new opportunities for achieving fundamental understanding of metal nanocatalysis.
Recent research has produced several atomically precise thiolate-protected Au n (SR) m nanoclusters of extraordinary stability, such as Au 25 (SR) 18 , Au 38 (SR) 24 , Au 144 (SR) 60 , and other sizes ( Figure 25 ) [113] . These protected nanoclusters are well defi ned on the ultimate atomic scale, as each of them is composed of a precise number of metal atoms ( n ) and of ligands ( m ), with n ranging from approximately tens to hundreds of atoms (equivalent diameter ranging from subnanometer to ∼ 2 nm). Such nanoclusters are vastly different from their larger counterparts -metallic or plasmonic Au nanocrystals (typically > 2 nm) in terms of atomic packing structure and physicochemical properties [111, 112] . Relatively small Au n (SR) m nanoclusters (e.g., n < 100) exhibit strong quantum confi nement effects, manifested by the discrete electron energy states and signifi cant band gaps, e.g., 1.3 eV for Au 25 (SR) 18 [114] and 0.9 eV for Au 38 (SR) 24 [115] nanoclusters, as opposed to the quasicontinuous conduction band in plasmonic nanocrystals. Larger Au n (SR) m nanoclusters with 100 < n < 200 exhibit intermediate properties between molecular-like semiconducting behavior and metallic properties [116] .
The non-metallic behavior of Au n (SR) m nanoclusters is of interest to catalysis [45, 49, 117, 118] . These atomically precise Au n (SR) m nanoclusters are expected to become a promising class of model catalysts. Unlike conventional nanogold catalysts [119] having a major issue of polydispersity, atomically monodisperse nanoclusters provide a well-defi ned system; thus, the observed catalytic properties refl ect the intrinsic properties of the nanocluster catalysts, which is particularly important for obtaining insight into the size dependence of nanogold catalysis. Furthermore, correlation of the crystal structures of Au n (SR) m nanoclusters and their catalytic properties permits one to achieve a fundamental understanding of the catalytic mechanism and will ultimately contribute to the new design of highly selective catalysts for specifi c chemical processes.
Herein, we illustrate the catalytic properties of protected Au n nanoclusters with spherical and rod-like Au 25 for the selective hydrogenation process [117, 120] . Bulk solution phase syntheses of ligand-protected Au 25 nanospheres [114] and Au 25 nanorods have been achieved recently [121, 122] .
TPP-DPA G4 The true monodispersity of these Au n nanoclusters allows for the determination of their atomic structure by singe crystal X-ray crystallography. Interestingly, these structures do not resemble the FCC structure of their larger counterparts -Au nanocrystals. In the case of Au 25 nanospheres, X-ray crystallographic analysis shows that the Au 25 sphere features a centered icosahedral Au 13 core (Figure 26 A, in magenta), which is further capped by a second shell comprising the 12 remaining Au atoms (in green); the latter form six pairs and are situated around the ± x -, ± y -, and ± z -axes ( C 2 axes of the icosahedron), respectively [114] . One can fi nd that the 12 exterior Au atoms do not form a closed shell on the Au 13 icosahedron, for that an icosahedron has 20 triangular faces (Au 3 ), but only 12 of them are face capped, that is, leaving eight Au 3 triangular faces uncapped. These holes or volcano-like sites may act as catalytic active centers. In contrast, the Au 25 rod was found to adopt a vertex-sharing bi-icosahedral structure (Figure 26 B) . This structure is a closed one and no volcano sites were found [121] . Both the spherical and rod-shaped Au 25 nanoclusters were found to be capable of catalyzing chemoselective hydrogenation of the C = O bond in α , β -unsaturated ketones (or aldehydes), and a 100 % selectivity for α , β -unsaturated alcohol products was obtained at ∼ 20 % conversion [117] . The nanoclusters were confi rmed to be intact (i.e., no fragmentation) after the catalytic reaction. With oxidesupported nanoclusters, the activity of Au 25 [117] . Interestingly, Au 25 spheres were found to have much higher activity than the Au 25 rod (34 % vs. 9 % yield of unsaturated alcohol, on CeO 2 support) [120] . The high activity of the Au 25 nanosphere was ascribed to its non-closed surface structure and unique core-shell electronic structure.
Compared to Au 25 nanorods, the unique volcano-like sites in Au 25 nanospheres favor adsorption of the C = O group of α , β -unsaturated ketone (Figure 27 ), and electron transfer between the electron-rich Au 13 core and the O atom should activate the C = O bond. Subsequently, the weakly nucleophilic hydrogen could attack the activated C = O group, leading to the unsaturated alcohol product. These two types of Au 25 nanoparticles clearly demonstrate the importance of surface atom arrangement on catalysis.
The ligand-protected nanoclusters also provide an opportunity for exerting infl uence by surface ligands on catalytic reaction. Diastereoselective catalytic capability of Au 25 (SR) 18 nanocluster catalyst has been demonstrated [123] . The -R group (phenylethyl vs. long-chain alkyl) was found to infl uence the selectivity of products. This scenario is somewhat like organometallic catalysis and should be further exploited in future research.
The charge states of [Au 25 (SR) 18 ] q ( q = -1, 0) do not affect the atomic structure of the Au 25 spherical clusters [124] , which is important for understanding the catalytic mechanism of Au 25 in selective oxidation reactions. The Au 25 nanospheres were again found to be more active than the Au 25 rods [120] . In other work, Liu et al. investigated thiolate-capped Au n (n = 10, 18, 25, 39) supported on hydroxyapatite for aerobic oxidation of cyclohexane to cyclohexanol and cyclohexanone [45] . A monotonic increase in the turnover frequency was found with n up to 39, and then followed by a decrease with a further increase in n to ∼ 85.
Overall, the Au n (SR) m nanoclusters, as a new class of nanocatalyst, hold great promise in future research. By carefully controlling the experimental conditions in the synthesis, a series of well-defi ned Au n (SR) m nanoclusters as well as other noble metals should be achievable in future research. The advantages of Au n (SR) m nanoparticles lie in several aspects. First of all, Au n (SR) m nanoclusters provide the access to the ultra-small size regime ( < 2 nm) that was not accessible. Second, the ultra-small size of Au n (SR) m nanoclusters renders them non-metallic electronic properties, manifested in the quantized electron energy levels [112] . Future research may reveal more fundamental aspects of the semiconducting electronic properties of metal nanoclusters and correlation with their catalytic performance. Third, such nanoclusters possess a unique core-shell structure -an electron-rich core with delocalized valence electrons and an electron-defi cient shell, such as the case of Au 25 nanoclusters [114] . The presence of both electron-rich and electron-defi cient Au atoms at the cluster surface creates a unique environment for simultaneous activation of multiple types of reactant molecules. Last but not least, the structural determination of Au n (SR) m nanoclusters permitted atomic level insight into the nature of nanocatalysis and the structure-property relationship. On the basis of the structure of Au n nanoclusters, future theoretical work will reveal more information about the molecular activation and reaction mechanisms.
Future opportunities of catalysis by metal nanoparticles
Section 3 has briefl y discussed some remarkable progress in nanocatalysis by precious metal nanoparticles. Those well-defi ned colloidal nanoparticles, such as polyhedral nanocrystals with low-or high-index facets, the bi-or multimetallic nanoparticles, the atomically precise nanoclusters, as well as other types of nanostructures, have created many exciting new opportunities for catalytic research. In future research, the well-defi ned nanocatalysts are expected to mediate the knowledge gap between single crystal model catalysts and real-world conventional nanocatalysts. Surface science has made major impacts on catalysis in the past decades, and the knowledge learned provides invaluable information towards rational catalyst design, but the apparent gaps of the material and pressure for model single crystal surfaces have long been recognized, which raises questions whether the conclusions from single crystal surface studies are transferable to the case of nanoscale catalysts. With more in-depth research work to be carried out in the future, we anticipate that catalytic science will achieve remarkable advances and contribute to the chemical, energy, and pharmaceutical industries. Steady advances in understanding the catalytic mechanism will eventually lead to new design of high-performance catalysts for chemical processes of environmental and energy importance and to develop new catalytic technologies that eliminate, or at least minimize, the use and release of hazardous materials. 
Figure 27
Proposed mechanism for Au 25 (SR) 18 nanocluster-catalyzed chemoselective hydrogenation of α , β -unsaturated ketone to unsaturated alcohol. For clarity, the -SR ligands are omitted in the drawing. From Ref. [117] .
Apart from the research themes discussed in Section 3, some additional opportunities (especially on fundamental catalysis) are also highly attractive in the future research of catalysis. These are perhaps more challenging but very exciting to pursue.
Chiral catalysis
Chirality is an intriguing phenomenon, which is of particular importance in biology and drug molecules; for example, the right-handed Dopa (a drug) is not active in the treatment of Parkinson ' s disease. Ordinary syntheses often produce a mixture of enantiomers in equal amounts, i.e., the enantiomeric excess (ee) is zero, but with certain catalysts one may selectively obtain one of the enantiomers. Although chiral catalysis has long been practiced in homogeneous catalysis using chiral ligand-modifi ed oragnometallic complexes, it has not been achieved to the same level in heterogeneous catalysis. Thus, chiral nanocatalysis is another major theme to pursue and is anticipated to attain signifi cant progress in future research. With regard to chiral nanoparticles, there are generally two types. Type I nanoparticles pertain to chiral ligand-protected nanoparticles, which mimic chiral ligandmodifi ed complexes [125] . For example, Li and coworkers recently attained enantioselective hydrogenation (96 % ee) of α -ketoesters using chirally modifi ed Pt nanoparticles encapsulated inside CNTs, in which the high activity and enantioselectivity were attributed to the unique 1D nanochannels of the CNTs as the nanochannels readily enrich both the chiral modifi er and the reactants [126] . Another example is that Pd nanoparticles modifi ed by a chiral N -heterocyclic carbene were demonstrated to catalyze asymmetric α -arylations at up to 85 % ee [127] . In contrast with the type I chiral nanoparticles, recent research has obtained a new type of chiral nanoparticles (referred to type II chiral nanoparticles), which exhibits intrinsic chirality in the metal core, such as the chiral arrangement of gold atoms in the 38-atom (Au 38 ) nanoparticles capped by thiolate ligands [128] . These nanoparticles hold promise in chiral metal catalysis.
Atomic level control of catalysts
Correlation of catalytic properties of nanoparticles with their atomic level structure is the ultimate goal in catalytic research. Such knowledge will provide important guidelines for the future design of new catalysts for specifi c chemical processes. In this regard, well-defi ned nanocatalysts are expected to play signifi cant roles in unraveling fundamental principles of catalysis. In terms of the shape effect in polyhedral nanocrystals, correlation of the structure of various ( hkl ) facets with catalytic properties is highly desirable. For bi-or multi-metallic catalysts, detailed information on the atomic distributions and the oxidation states of metal atoms [93, 129] , as well as the dynamics of metal segregation, are of particular importance. The atomically precise nanoclusters hold promise in investigating the fundamental aspects of nanocatalysis as the total structure can be solved by X-ray crystallography and the nanoclusters are particularly robust [130] .
Metal-support interactions
The interaction of nanoparticles and supports is one of the major topics in nanocatalysis. In the early days, the support was introduced to merely disperse metal nanoparticles and was thought to be inert in the catalytic process, but in later research the support has been demonstrated in many cases for its signifi cant role in catalytic reactions [119, 131, 132] . Recent work by Sonstr ö m et al. demonstrated that ligandcapped colloidal Pt nanoparticles, after deposition onto nanostructured iron oxide, can catalyze CO oxidation at unusually low temperatures [133] , similar to the Au-catalyzed CO oxidation by Haruta and coworkers [134] . Sonstr ö m et al. [133] discussed that the ligands could effi ciently modify the metalsupport interaction, and the benefi cial interaction remediated CO poison of the catalyst at low temperatures and, hence, much higher activity. It is worth noting that some well-defi ned support materials have become available, such as the different shapes of TiO 2 nanocrystals [135, 136] , highly ordered mesoporous supports of γ -Al 2 O 3 [137] , SiO 2 [138] , aluminosilicate such as MCM-41 [139] , MCM-48 [132] , ZSM-5 [139] , SBA-15 [140] , TS-1 [141] , mesoporous carbon [142] , and so forth. Combining these well-defi ned supports with welldefi ned metal nanoparticles is anticipated to provide new opportunities for in-depth catalytic research. In addition to the metal nanoparticle-support interactions, the infl uence of surface ligands on particles also deserves to be carefully studied [143] . In previous work, some reports have indicated very little infl uence of ligands on catalytic performance [21] , but some indicate large effects. The discrepancy in results may be due to the specifi c types of ligands (and the specifi c reactions as well). A consistent picture has yet to be obtained in future research.
Catalytic active sites
Apart from the size, shape, and composition dependences in nanocatalysis, which are all of practical importance, identifying the active sites and their role in the catalytic mechanism is of fundamental signifi cance [144] . The nature or structure of active sites in catalysts has intrigued researchers for many decades. However, without well-defi ned nanocatalysts, it would not be possible to pinpoint the catalytic active sites. Some interesting research has started to tackle this task [123, 145] . Future research efforts should devise strategies of enabling observation of the catalytic reaction steps at the catalytic site at atomic resolution. Revealing the nature and the structure of active sites of catalysts is certainly a grand challenge.
Concluding remarks
Future progress in catalysis science is expected to bring about exciting progress not only in the design of new nanostructured catalysts with high selectivity, activity, and durability, but also in the fundamental understanding of the elementary reaction mechanisms at the atomic level [146, 147] . Catalysts with high selectivity [148] and of low energy consumption (i.e., in mild processes) should be of particular importance in future catalytic research. As discussed by Somorjai et al. in their recent work [149] ' the challenge of chemistry in the 21st century is to achieve 100 % selectivity of the desired product molecule in multipath reactions ( " green chemistry " ) and develop renewable energy based processes ' . Looking into the future of catalytic science, there are many huge challenges but they offer very exciting opportunities. Tailoring catalysts at the atomic level will constitute the ultimate goal of catalysis research.
